Background: Allergic contact dermatitis to p-phenylenediamine (PPD) is common among all age groups and both genders. Monitoring of prevalence and intensity of sensitization is important. Objective: To evaluate contact allergy to PPD in Europe and to compare reaction strengths in different European regions. Methods: Data collected by the European Surveillance System on Contact Allergies (ESSCA) network between 2002 and 2012 from 12 European countries were analyzed regarding prevalence, grading of positive reactions to PPD, and relevance. Results: A total of 99 926 PPD-positive patients from 63 departments were included for analysis. The overall (2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012) prevalence of PPD sensitization in Europe is about 4%. Stratified for country the highest overall standardized prevalence was found in Lithuania, the lowest in Slovenia. The prevalence of PPD sensitization did not decline over the years. In the Southern European countries a higher number of strong and extremely strong reactions were registered. The clinical relevance of PPD sensitizations varied from half to three quarters. Conclusion: The prevalence of PPD sensitizations has not been changed over time. Strong and extremely strong patch test reactions are observed more often in the South, probably due to the higher number of PPD containing hair dye products.
Introduction
The aromatic amine p-phenylenediamine (PPD, 1, ) is a chemical that acts as an intermediate in dyes and antioxidants. PPD is the most important ingredient of oxidative (permanent) hair dye products. Its extreme protein binding capacity and its low molecular weight enable PPD to easily penetrate the hair shaft, but make it also a potent sensitizer, able to cause severe contact allergic reactions. 1 Most cases of contact allergy to PPD occur from contact with hair dye products in consumers and hairdressers.
For several decades PPD has been tested in the European Baseline series. The prevalence of contact allergy to PPD in consecutive eczema patients varies widely between the different countries in Europe. 2 Thyssen et al. reported a weighted prevalence average of 4% in Europe. 3 The objective of this study was to evaluate contact allergy to PPD in patients with suspected allergic contact dermatitis (ACD), who were patch tested at centers of the ESSCA (European Surveillance System on Contact Allergies) network in the period from 2002 to 2012. Furthermore, in this study we compared the frequency of contact allergy to PPD and the reaction strength during patch testing between three different regions of Europe; the North, the Middle and the South.
Methods
Analyses in the present study are based on data included in the database of the network of European Surveillance System on Contact Allergies (ESSCA, www.essca-de.org) . This network has previously been described. 2 Patch test results have been obtained with the European Baseline Series, with possible national or departmental adaptations. These results were included in the database along with clinical and demographic data. The detailed characteristics of patients of the most recent period of analysis (2009 -2012) have been published. 4 The present paper addresses the frequency and time course (2002 -2012) of sensitization to PPD in consecutive patients, who were patch tested in 12 European countries. These European countries include Austria (AT), Switzerland (CH), Germany (DE), Denmark (DK), Spain (ES), Finland (FI), Italy (IT), Lithuania (LT), The Netherlands (NL), Poland (PL), Slovenia (SI) and the United Kingdom (UK). The countries are classified into three geographical regions to identify regional differences. These regions were defined as follows: 'North': Finland, Denmark, and Lithuania; 'Middle': Poland, Germany, Austria, Switzerland, The Netherlands, and United Kingdom; 'South': Spain, Italy and Slovenia.
All patients included in the present analysis were patch tested with either PPD 1% pet. in investigator-loaded systems or in the TRUE Test® (at a concentration of 0.090 mg/cm 2 . The vast majority of patch tests was investigator-loaded, while 5 145 of the consecutive patients were patch tested with the TRUE Test®, in altogether 5 departments. Most of these patients were tested with the TRUE Test® in The University Medical Center Groningen (NL; n=3987), followed by Hospital Universitario de La Princesa Madrid (ES; n=718), Department of Dermatology at León hospital (ES; n=242) and Amsterdam Free University Medical Centre (NL; n=180)) and a few patients in the Murcia department (ES; n=18).
The patch testing procedure was conducted following international recommendations and readings were performed according to the ICDRG criteria. 5 At least one reading has been performed between D3 and D5 (inclusive) after application of the patch test. Weak (+), strong (++) and extremely strong (+++) positive patch test reactions were considered to be positive. From 2007 onwards, aggregated data had been exported from Copenhagen/Gentofte (DK). The Slovenian departments contributed information on reactions being positive or nonpositive. Hence, the distribution of reaction grades cannot be examined for these data.
Relevance was based on patient interviews and was assessed by the physicians consulted. A clinically relevant patch test reaction was defined as follows: positive patch test (+/++/+++ reactions) to PPD in a subject with a current or a past dermatitis reaction, certain or probably caused or aggravated by exposure to a source of PPD. Analysis of clinical relevance of positive reactions was restricted to (i) departments patch testing with PPD and (ii) documenting relevance. The proportion of relevant reactions was based on non-missing data, i.e. missing data were considered to be completely missing at random. In other words, the patients with information were considered to be representative for all patients. All individuals with PPD contact allergy in whom the occupational code 5141 (ISCO-88) was documented were identified. Although this code also includes beauticians, experience indicates that >90% of these individuals are hairdressers. The proportion of relevance restricted to this group of hairdressers and the proportion of occupationally relevant positive PPD reactions were analyzed separately.
Data management and analysis was performed using the statistical software R (version 3.1.3, www.r-project.org). In particular, besides crude prevalence rates of PPD contact allergy stratified for country and age, age and sex-standardized prevalence rates with accompanying 95% confidence intervals (CI) were also calculated. This allows the analysis of a comparison which is unconfounded concerning these two variables.
Results
The prevalence of PPD sensitization in the European countries A total of 100 191 consultations involved patch testing with the European baseline series with PPD 1% petrolatum or in the context of the TRUE Test®. Due to re-consultation of some patients, of whom the most current consultation was chosen, a total of 99 926 patients were included for further analysis. Overall, the United Kingdom had tested the largest number of individuals each year. Spain, The Netherlands and Poland show an increase in the number of patients that were patch tested with PPD, from respectively 2009, 2009 and 2011 onwards. In Austria PPD has not been tested anymore since 2008, in Germany since 2005. Except for certain departments, which makes interpretation of German data difficult.
The prevalence of sensitization to PPD stratified for the 12 European countries is shown in table S1 in the online supplement. Differences in prevalence of sensitizations were marked by year. Overall, the prevalence of PPD sensitizations varies around 4% and seems to be stable over the included years. There was no remarkable difference between crude and age-and sex-standardized prevalence rates. The highest prevalence of 9.3% in consecutive patients was seen in Lithuania in 2006, which had joined ESSCA only in 2004. Also in later years the prevalence in the Lithuanian department is relatively high. The lowest prevalence rates were found in Italy in 2002 (0.7%), albeit in quite limited data (n=185 tested), followed by Denmark in 2003 (1.5%). Table 1 provides data on the overall (2002-2012 combined) prevalence rates of PPD sensitizations stratified for country. From all included countries Lithuania showed the highest overall standardized prevalence of PPD sensitizations, being 5.8%, followed by Austria (5.3%). The lowest prevalence rates were found in Slovenia (2.3%) and Denmark (2.5%). In general, more women than man have been patch tested. About three quarters of all PPD positive reactions were seen in women, varying from 65% in Germany to almost 87% in Slovenia. The highest prevalence amongst women was observed in Austria (6.1%) and amongst men in Lithuania (7%). The lowest prevalence rates were seen in Denmark and Slovenia, respectively. Only in Lithuania the prevalence of PPD sensitizations amongst men was higher than in women, although not significantly, considering the overlapping 95% CIs.
The patch test strengths of all patients that were positively tested for PPD marked by country are also shown in Table 1 . Strong and extremely strong patch test reactions are combined as one group. In general, in most of the countries more strong/extremely strong positive reactions than weak positive reactions were observed. Only in Austria, Germany, Lithuania and the Netherlands, more weak positive than strong/extreme positive reactions were seen. 
1823 64 (3.5) 37 (2) 9 (0.5) 28 (7) 73 (5.1) 101 (5.5) 5.8 (4.7-9.9) (4-6.4) (4.5-6.7) (4.6-7) NL 8604 Figure 1 shows the annual age-and sex-standardized prevalence rates of sensitization to PPD stratified for three geographical European regions, and overall. Both the middle and the southern region did not show a great variety in the prevalence, as the mean prevalence was just below four percent. The northern region, however, demonstrated remarkable differences regarding the mean year prevalence, with significantly lower prevalence rates in 2002, 2003 and 2009 compared to the overall mean prevalence, mainly introduced by including Lithuania. The distribution of the strength of the positive patch test reactions was compared between the three geographical regions in Europe. The results are shown in Figure 2 , in which strong positive (++) and extremely positive (+++) reactions are combined. Differences were highly significant both in terms of overall heterogeneity and trend (p<0.0001 in both cases, X 2 test), driven by the 'South' region (there was no statistically significant difference between 'North' and 'Middle'; p=0.45, X 2 test). Slovenia has been excluded in this analysis, as only a dichotomous outcome had been available. 
Differences in the prevalence and patch test strength of PPD sensitization between the European regions

Discussion
No remarkable decreases in the prevalence of PPD sensitizations
This study showed the development of sensitization to PPD from 2002 to 2012, in 12 European countries and stratified in three geographical regions. The overall prevalence of about 4% was stable during the study period. Furthermore, no decrease of PPD sensitization was observed within the patch tested population stratified by country, although the maximum permitted concentration of PPD in consumer products has been limited to 2% in the final product in 2009 (amending Annex III to Regulation (EC) No 1223/2009 of the European Parliament and of the Council on cosmetic products). The Cosmetics Regulation set into force in 2009 immediately became effective, in contrast to the previous (amendments of the) Cosmetics Directive which had to be translated into national law. The cause of the stable prevalence of PPD sensitizations is difficult to determine; the time period after the regulation may be too short or the enforcement of the regulation might be poor. Furthermore, other sources of exposure that are not covered by the regulation, e.g. black henna tattoos, appeared as a significant risk factor for PPD contact allergy in a population-based study. 6 The countries that contributed less, as defined in the number of individuals patch tested over the total time period, showed a wider variance of prevalence, which is indicative of chance variation.
The other main observation concerning spatio-temporal variation is the variation of the overall (2002-2012) prevalence rates of sensitization to PPD between countries, namely, from 2.5% in Denmark to 5.8% in Lithuania. These differences in prevalence between countries are not straightforward to explain, e.g. by demographic characteristics (such as ethnicity), as these should be fairly similar. Neither can they be explained by the number of tested individuals, while the number of contributing hospitals per country may have some impact in the sense that if just one department provides data, it may be an "outlier" in its own country. 4 Possibly trends in fashion or changes in occupational exposure are the cause of this difference. In all, the percentage of PPD sensitized females, as well as the general prevalence of PPD sensitization is highly comparable with previous studies. 3
The observed difference in the prevalence rates could be related to a greater use of hair dyes containing PPD in lower income countries compared to wealthy countries where lowsensitization dyes can be used. These low-sensitization dyes include the new ingredient methoxymethyl-p-phenylenediamine (ME-PPD) which is an alternative to PPD with a significantly reduced allergy induction risk at least according to experimental (LLNA) data. 7 Indeed, use of PPD derivatives has picked up considerably, while in Germany, for instance, PPD itself is found in only 0.3% of oxidative hair dye products. 8 Furthermore, other factors such as referral patterns of patients to patch test clinics can attribute to variations in patch test results between departments and countries. 4
In Spain, The Netherlands and Poland a major increase in the number of patch tested individuals was observed. This can be explained by an increased number of patch tested individuals in general. However, in The Netherlands, this can be attributable to a centralization of hospital care with specialized functions of the hospitals. Therefore, more patients were patch tested in the specialized centres, which also contribute to the ESSCA network. In Germany, most, if not all, IVDK departments had ceased to test with 1% PPD pet. in 2005 due to safety concerns. This can result in a selection bias of tests recorded thereafter, as patients in whom PPD contact allergy is strongly suspected are more likely to be tested. Hence the German results from 2005 onwards were excluded.
The clinical relevance of the patch test reaction is often difficult to determine. When exposure to PPD occurred in the past, and there was no history of exposure to hair dyes or a black henna tattoo with subsequent skin complaints, the source is often unclear and unreliable. Nevertheless, in the current study about half to three quarters PPD patch test reactions were clinically relevant, irrespective of occupation, and summarizing previous and current relevance. The proportion of positive reactions to PPD with occupational relevance was much lower, which is not surprising because occupational exposure occurs mainly in hairdressers, and the number of hairdressers with PPD contact allergy was low (291 of 1639 tested, Table 2 ). In hairdressers sensitization was very often considered relevant, although in some countries positive reactions were regarded as relevant in only three quarters of the hairdressers. However, we assume that PPD is normally relevant for hairdressers, at least in terms of elicitation, e.g. if cutting hair after dyeing. Possibly evaluating dermatologists were unaware of cross-reacting occupational material even if PPD is avoided in hairdressers, or considered protection to be perfect if gloves were worn during hair dyeing. Of course induction may have taken place by dyeing their own hair. 9
In 2008 Schnuch et al. also investigated sources of exposure in PPD-positive patients diagnosed by the IVDK network. They followed an algorithm with selection criteria according to assumed causal expsoure and other criteria such as the affected anatomical site, namely, face or hand. 10 In this study 21.5% of positive PPD patch test reactions were attributed to consumer-exposure to hair dye products. However, these data are difficult to compare with our data with regards to relevance. Patch testing additionally with the hairdressers series or testing with suspected cosmetics was a criterion for 'profiling' in their study, for instance, while in our study we solely rely on PPD data obtained with the baseline series. 35% of the PPD-positive patients were allocated to the 'occupational exposure' group in their study, while our data show lower percentages varying from 0.5% to 18.5%. The higher percentage in the German study can be explained by the fact that both occupational cause and hand eczema were used to define the 'occupational exposure' group.
Differences in sensitization prevalence and reaction strength of PPD patch tests between three geographical regions in Europe
Thyssen et al. reported that PPD sensitization was more prevalent in central and southern European patch test centers than in the Scandinavian. 3, 11 In the current study, we could not demonstrate a lower PPD positivity rate in the northern region compared to the other regions. This can probably be explained by differences in the included countries and patch test departments. One could suggest other grouping of the contributing countries, as socioeconomic status and ethnical groups vary widely between the countries. This renders the grouping of countries somewhat arbitrary. Thyssen et al. included in the northern region 2 departments from Denmark and 1 department from Sweden. These departments had overall low PPD positivity prevalence rates of 2.8% and 2.9% for Denmark and 2.1% for Sweden. In the current study, the northern region departments included departments in Denmark (one), Finland (two) and Lithuania (one) with overall prevalence rates of PPD sensitization of 2.5%, 3.9% and 5.8%, respectively. Although the positivity rates of PPD sensitizations in Denmark is comparable with the study of Thyssen et al., and in fact data overlap with that study, the prevalence rates of the other included countries are far higher.
Reasons for the differences in PPD positivity rates between countries are partly a matter of speculation. One explanation can be ethnical differences such as hair color. Individuals in Lithuania and southern Europe have predominantly darker hair compared to the individuals in Denmark and Sweden who mostly have blond hair. We assume that people who have naturally blond hair will dye their hair more often blond when it turns gray compared to individuals with dark hair who probably will dye their hair in a dark color. It is known that dark hair dyes contain higher concentrations of PPD, which means that consumers have exposure to higher concentrations of PPD. Hence, they are more at risk of PPD sensitization. 12, 13 The degree of sensitization can be demonstrated quite well by the strength of the patch test reactions at elicitation, that is whether the reaction is +, ++ or +++, or possibly a positive reaction is observed to PPD diluted by >= 2 orders of magnitude. 14 We showed a higher number of strong positive and extremely positive patch test reactions to PPD in southern Europe compared to the other regions. The strength of the elicitation reaction to PPD can be influenced by the dose of PPD at the induction. Hair dyeing with predominantly dark colors, and thus exposure to higher PPD concentrations could induce the higher number of strong positive and extremely positive patch test reactions in southern Europe.
Yazar et al. investigated the compounds of consumer-available oxidative hair dye products in Sweden. They showed that Sweden had the lowest percentage of hair dye products containing PPD (16%), whereas 80% of the hair dye products contained 2,5-toluenediamine (TDA, 1,4-diamino-2-methylbenzene, CAS no. 95-70-5; synonym p-toluenediamine, PTD). 15 Other northern European countries such as Denmark showed that 22.2% of the investigated hair dyes contained PPD. In Germany 0.3% of the oxidative hair dyes currently contain PPD. 8 However, a study performed in Spain showed that 50% of the hair dyes contained PPD. This indicates a higher exposure to PPD in Spain among individuals who dye their hair. However, PPD may also induce an elicitation reaction by cross-reactivity to chemically related hair dyes substances, such as TDA, while TDA less often cross-reacts with PPD.
Conclusions
The prevalence of PPD sensitization in referred eczema patients is high but stable over the years; no remarkable decreases of the PPD sensitization were observed within the patch test population per country and overall. In southern countries a higher number of strong positive and extremely strong patch test reactions were observed compared to northern and middle regions. This can most likely be explained by the use of darker shades of hair colors in the south. Monitoring of prevalence and reaction strength of PPD sensitization remains of great importance, as local, regional and European trends can be noticed and regulations can be adjusted.
